Histopathology ofmitochondrial cytopathy and the Laurence-Moon-Biedl syndrome healthy and not consanguineous. She had two normal siblings, and there was no significant family history. She was healthy until 8 months old, when she was noted to be pale and was found to have prednisolone responsive red cell hypoplasia. From her visual acuity was then 6/9 in both eyes, extraocular movements were full, colour vision (Ishihara plates) was normal, but the visual fields were constricted. Both electroretinogram (ERG) and visual evoked cortical response (VER) by means of an averaged skin electrode technique to flash stimuli, were normal. At age 12 years posterior subcapsular cataracts were noted, and her visual acuity had decreased to 6/24; she had a nearly complete external ophthalmoplegia. By 121/2 years the acuity was 3/36 and a left lensectomy was performed, which improved the acuity to 6/36.
She had a few seizures beginning at 93/4 years. A seizure at 11 years resulted in a marked exaggeration of her ataxia and poor vision and hearing, but she returned to her preseizure state after about one week. Her seventh and final seizure occurred at age 12 years, at six weeks before her death. A CT scan performed at 11 years 10 months of age showed cerebellar and cerebral atrophy.
From 10 years of age she had a variable ataxia and by 11½/2 years she required support to walk; a generalised myopathy was also then apparent with normal sensory and motor nerve conduction. At 12 years she had a myopathic facies, marked ptosis, generalised muscle wasting (especially the quadriceps), proximal limb weakness, generalised hyporeflexia, with flexor plantar responses, normal tone and sensation, broad based gait, poor co-ordination, and scanning dysarthria.
A muscle biopsy at 12 years showed numerous ragged red fibres with excess glycogen and fat.
Hearing loss started at 4 years, high frequency sensorineural deafness was 
Necropsy
The heart was large, with hypertrophy of the ventricular walls. The kidneys were small, dysplastic, and showed nodularity with numerous cysts. The testes were of normal size, and there was no abnormality of the external genitalia. He had bronchopenumonia.
Histological preparation ofocular tissue
The time from death to enucleation was several hours in case 1 but less than one hour in case 2. A penetrating incision was made of the ora serrata, and the eyes were fixed in 2-5% glutaraldehyde buffered in 0-2 M sodium cacodylate, containing 10 mg/ml calcium chloride, with a final pH of 7-4. After overnight fixation the eyes were hemisected and macrophotographs were taken of their posterior portions.
Samples were taken from the hemisected globes under a dissecting microscope. The specimens were obtained on a horizontal axis from ora to ora through the macula, and vertically from ora to ora through the optic disc, their location, orientation, and relationship to the other samples being recorded so that they could be determined even after being embedded in plastic. The In case 1 the fundus was pale, with blotchy and discontinuous pigmentation, most dense at the posterior pole and in the far periphery (Fig. lc) , where the pigment was present in both the pigment epithelium (RPE) and the choroid. In the far periphery there were a number of lesions of variable size and shape in which there was a sharply demarcated loss of RPE cells, which reduced the pigment epithelium to a number of random isthmus-like projections of cells, extending centrally from the ora.
In case 2 the hemisected globe looked normal (Fig.  id) .
CASE I Histology
In case 1 there was diffuse and even cell loss in the neural retina, with sectorial disease in the pigment epithelium.
In the macula ( Fig. 3a ) and far periphery (Fig. 3b ) the surviving RPE cells were compressed apicobasally, with sparse amounts of melanin. In the mid periphery there were small focal areas of isolated pigmented cells (Fig. 3c, d ) between which the denuded surface of Bruch's membrane was either directly exposed to the remnants of the interphotoreceptor matrix or recolonised by one or more layers of amelanotic cells (Fig. 4a) . In a few areas where neural retinal cells dipped towards Bruch's membrane, glial proliferation resulted in direct apposition of glial elements with Bruch's membrane. Beneath areas of pigment epithelial cell loss there was also a relative loss of the innermost elements of the choriocapillaris (Fig. 4b) . In regions of vessel loss there was no down growth and expansion of columns of Bruch's membrane, as occurs in the elderly, but invasion of fibroblasts and the production of collagen.
All the photoreceptor cells were in a very poor condition ( Fig. 5 ). At the fovea there was a complete loss of photoreceptor cell outer segments, and reduced numbers of cone cell remnants, shown by counting nuclei, which extended into the mid periphery, where both inner and outer segments were absent. In most other conditions, while rod cells degenerate leaving no vestiges, remnants of cone cells may remain for many years, particularly the nucleus and truncated inner segments. Towards the margins of the mid peripheral zone, occasional remnants of inner and outer segments of photoreceptor cells were seen which were always adjacent to islands of pigment epithelial cells; the inner segments were shrunken and stained intensely, while the outer segments were tiny vestiges.
In the space formerly occupied by the interphotoreceptor matrix were numerous spherical lipid droplets of varying diameters and staining properties (Fig. Sb) . Some were associated with the apical layer of the pigment epithelium, while in other areas they were adjacent to Bruch's membrane. They appeared to represent extracellular accumulations of breakdown products of the outer segment membranes of photoreceptor cells. They were unlike the autolytic debris from long term post-mortem material.
Post-mortem changes in the inner retina showed as areas of vacuolation and oedema in the plexiform layers and pyknosis in the nuclear layers. There was no evidence of trans-synaptic degeneration, and with the exception of pigment epithelium and photoreceptor cells all retinal layers were well preserved, as was the retinal capillary bed.
Ultrastructure
The post-mortem changes made ultrastructural analysis difficult except on the outer retinal components.
The remaining RPE cells had a primitive appearance, having lost many organelles including melanin granules and lipofuscin (Fig. 6a) . Adjacent to photoreceptor cell vestiges there were no phagosomes, and here there were occasional extracellular aggregations of outer segment material associated with the apical membranes of epithelial cells. Commonly there was a reduction in the numbers and complexity of mitochondria in these cells, and unlike in normal cells these few mitochondria were diffuse throughout the cytoplasm. There was a widespread reduction in cell membrane complexity, with loss of apical villi and basal convolutions. Where there were vestiges of inner and outer segments of photoreceptor cells, they were grossly abnormal, and in the inner segments of both rods and cones there were fewer organelles. The remaining mitochondria were shrunken, with densely staining membranes and atypical cristae (Fig. 6b) . They did not show the same ultrastructure as the mitochondria of skeletal muscle in mitochondrial cytopathy. The cristae of the photoreceptor cells were swollen and densely packed with a vesicular appearance, without multilayering of cristae or crystal-like inclusions. This is unusual and significant, because the inner segments of photoreceptor cells contain more mitochondria than any other cell. All inner segments contained many autophagic vacuoles of differing morphologies.
The remnants of the rod and cone outer segments were morphologically dissimilar. Most cone outer segments were tiny vestiges, some 2 to 5 pm long, with randomised and disorientated vesicular arrays of membranes (Fig. 6c) , but a few had degenerated further, and no internal membranes were present and the boundary membrane contained a homogeneous granular mass. The remains of rod outer segments were longer, up to 10 sm, and frequently contained small regions of organised disc membranes. They also showed globular lipid-like inclusions within the membrane stacks of their outer segments and associated with their boundary membranes (Fig. 6d) . In areas where rod outer segments were short or absent, there were huge extracellular globules with amorphous or granular staining. CASE 2 Histology Case 2 showed regional differences in retinal morphology, with the severest changes at the macula, and progressively less marked peripherally (Fig. 4b) .
The RPE was relatively normal macroscopically, but on section it had relatively few melanin granules and was full of lipofuscin (Fig. 7) . The loss of melanin was most marked at the macula, where there were few intracellular pigment granules. The lipofuscin content in cells was higher than age matched controls, being comparable to those in 20-to 30-yearolds. The general morphology of RPE cells everywhere appeared relatively normal except for a slight increase in apico-basal dimensions; there were no focal lesions or areas of cell loss.
Photoreceptor cell loss was most marked centrally (Fig. 7a) Apart from a reduced basement membrane in relation to the RPE, Bruch's membrane and the choriocapillaris were normal.
In the mid periphery, where subretinal debris was seen with the light microscope, the RPE cells showed similar abnormalities to their central counterparts, but with more organelles. Their apical membranes lacked microvilli, and there were sheets or whirls of membranes of photoreceptor cell outer segments (Fig. 8b) , which were extracellular, and where they were deep to the surface of the RPE they occupied a distended extracellular space between the lateral margins of adjacent cells (Fig. 8c ). There were no short-term phagosomes in the cytoplasm of the RPE cells, but huge amounts of lipofuscin, melanoloysosomes, and melanolipofuscin were present, indicating recent phagocytic activity.
The neuroretinal-RPE interface varied throughout the retina because of variable loss of photoreceptor cells. Centrally, 'fat' vestigial cone inner segments were either opposed to the apical surface of the RPE, or were separated from it by tiny deposits of interphotoreceptor matrix. Here the outer limiting membrane was within 20 gm of Bruch's membrane, and, unlike situations where disease results in loss of photoreceptor cells, there was no proliferation of glial elements external to the outer limiting membrane. Extensive villus-like processes from the outer- Cone remnants in the central retina displayed a remarkably similar ultrastructure, showing a reduction in the ellipsoid mitochondrial content and a dissolution of the myoid region of the inner segment, with a commensurate loss of Golgi bodies and lysosomes. In most cells in this region there were polymorphic autophagic vacuoles. Both the inner and outer connecting fibres of these residual cones were easy to identify because of the simplicity of the outer nuclear layer resulting from atrophy of a significant number of cells. Remaining synaptic pedicles in the outer plexiform layer were enlarged, but were simplified with reduced synaptic contacts.
In the mid peripheral zone short disorganised outer segments were related to both rods and cones, Histopathology ofmitochondrial cytopathy and the Laurence-Moon-Biedlsyndrome and their discs were misaligned with membranes at right angles to their normal axis, often fused to form vesiculate and tubular arrays. As these very short and disorganised outer segments terminated in the extracellular membrane sheets at the apical surface of the RPE, it was difficult to discriminate between interand intracellular membrane systems, and their length could not be measured. The length of the outer segments increased with their distance from the macula. Mid peripheral cone inner segments showed similar changes to those in the central region with reduced numbers of organelles but with more autophagic vacuoles.
Discussion
The diagnosis of mitochondrial cytopathy in the first case study was made by using Kearns and Sayre's3 original criteria and those of subsequent studies.58202
Fundal changes in mitochondrial cytopathy range from fine granular salt-and-pepper pigmentation to a 'moth-eaten' appearance, though they are sometimes described as 'atypical retinitis pigmentosa.' The defects leading to this retinal degeneration are unknown. However, abnormal mitochondria have been found in biopsies of various other tissues and occur most frequently in skeletal muscle, but have also been observed in liver,' cerebellum,', heart,23 skin,2' and smooth muscle.24 Histochemistry also shows a mitochondrial defect by demonstating altered mitochondrial enzyme activity,8 with a decrease in cytochrome oxidase activity and an increase in that of succinate dehydrogenase.2 26 There are 10 reports on ocular histopathology; two papers report the same cases. Therefore the total data are five histological reports and three accounts of ultrastructure.3 [27] [28] [29] [30] [31] [32] [33] [34] The consistent histological picture is of marked atrophy and degeneration of the outer retinal layers and RPE but preservation of the ganglion cell and nerve fibre layers. Our case 1 conforms to this morphological pattern with generalised loss of the outer retina and preservation of the inner retinal layers. The loss of vessels in the choriocapillaris in our young patient was significant, and like Sarks3s we believe that as retinal cells die the choriocapillaris atrophies secondarily to reduced metabolic demand. The mitochondria in the preserved areas of the inner segment were shrunken, with atypical electron dense membranes and abnormal arrays of cristae.
Given the ambiguities in the clinical diagnosis of mitochondrial cytopathy, the range of presenting symptoms, and the age range of the small number of patients with ocular histological studies, the variation between the cases is not surprising. Histopathology is a spatial analysis of temporal processes, and the superimposition of one spectrum (time) on a second spectrum (genetic variability) complicates direct comparison. Some useful generalisations can be made. Characteristically abnormal mitochondria are not found in ocular tissues. Mitochondria from nonocular tissues in mitochondrial cytopathies are misshapen, with concentric cristae or paracrystalline inclusions,5"2 and they are so frequent in the skeletal muscles that they may give rise to the 'ragged red fibres' seen on microscopy. Ragged red fibres were present in skeletal muscles of our patient but not in extraocular muscle. These abnormal organelles and the multisystem degenerations in these inherited disorders suggest that the genetic defects are primarily expressed in aberrant mitochondrial function.37 All inherited diseases are phenotypically expressed in aberrant biochemistry. In the mitochondrial cytopathies, if the biochemical lesions are present in all mitochondria, then their actions must proceed at different rates in different sites, but everywhere they must be at least normal enough for survival. In the inherited dystrophies the genetic lesions show during early life and perhaps reflect the progressive failure of repair mechanisms of aging.
Mitochondria have been examined in retinal tissues, but changes similar to those described systemically have not been identified, though enlarged mitochondria within the retinal pigment epithelium have been described3' 43; these authors concede that the changes may be due to post-mortem autolysis. In a study of a 14-year-old patient with the Kearns-Sayre syndrome large numbers of enlarged mitochondria within the retinal pigment epithelium were implicated in photoreceptor cell loss34 by their disturbing the energy relationships required for homoeostasis of visual cells." The argument here is that mitochondrial proliferation is a compensation for reduction in efficiency, which in turn results in changes in dependent cells. Such a causal relationship is uncertain, but from the morphological evidence in both the McKechnie report-' and our study it could equally be argued that the mitochondrial changes are secondary to failure of transepithelial transport with reduced exchange area, that is, the loss of convolutions on the basal membrane of the remaining pigment epithelial cells.
Whatever the primary mechanism, we support McKechnie et al. 34 and Eagle et al.,3 who consider that the genetic defect is first expressed in the RPE and that photoreceptor cell losses are secondary. Our conclusions are based on these related observations.
(1) Photoreceptor cells were absent where RPE cells were absent.
(2) The shape of photoreceptor cell remnants closely followed the degree of atrophic changes within adjacent RPE cells. The diagnosis of the Laurence-Moon-Biedl syndrome in the second case was made on the basis of the retinal dystrophy, postaxial polydactyly, and mild mental retardation. Two of the five cardinal features of the Laurence-Moon-Biedl syndrome, obesity and hypogenitalism, were absent, but obesity and hypogenitalism are often difficult to diagnose in early childhood.9"' I41 Our patient's mother strictly controlled his diet, thereby limiting his weight.
Chronic renal failure was the presenting feature, and the strong family history of renal disease is therefore of interest (Fig. 2) . Several members of our patient's family, although asymptomatic, were found to have unilateral duplex kidneys when investigated by ultrasound. There is increasing evidence that renal and genitourinary tract anomalies are much more common in this syndrome than previously recognised." 12 "-' The majority of necropsies of the Laurence-Moon-Biedl syndrome report a genitourinary tract abnormality, and in one series uraemia was the commonest cause of death." 49 Patients with the Laurence-Moon-Biedl syndrome commonly present with nystagmus, failing vision, and night blindness.9 The ERG is always abnormal. Funduscopy may be normal early in the disease, but a retinal degeneration almost always develops,55 being present in 93% of cases."' 'Typical' retinitis pigmentosa is found in only 15 to 20% of cases,56 while in the majority pigmentary changes are 'atypical.' Various morphologies, described as a diffuse pigmentary retinopathy, retinitis pigmentosa sine pigmento, retinitis punctata albescens, other forms of tapetoretinal degeneration, and pigmentary retinopathy of undetermined type together with choroidal and macular degenerations, have been observed. This heterogeneity may be due either to a spectrum of disease within the syndrome or to describing patients at different points of development in the disease.
Most reports of ocular histopathology have been on patients over 18 years of age.5' Usually they are described as having advanced retinal degeneration with loss of rods, cones, and outer and inner nuclear layers, reduction of the ganglion cell layer with glial proliferation and degeneration, and proliferation of the RPE. Most of the eyes had little or no vision and must be regarded as being at the end stage of a retinal degeneration. When McLoughlin and Shanklin62 examined their two patients with the LaurenceMoon-Biedl syndrome they found no abnormalities grossly or histologically. Their patients were three months and five years of age respectively and therefore may not have had time to develop the pigmentary retinopathy.
In contrast to case 1, the histopathology of the outer retina in case 2 showed photoreceptor cell degeneration without significant changes in the RPE. The underlying mechanisms are as obscure as the reason for the distribution of the lesions with severest degeneration at the macula. The disease in this eye affected photoreceptor cells selectively, without discrimination between rods or cones. The macular changes probably reflect a complex regional differentiation rather than the selective loss of cone cells.
The lipofuscin and other granular inclusions within the RPE cells indicate one or more of the following: (1) these cells have had a prolonged phagocytic load; (2) they have had an excessive load recently; (3) the RPE cells had a problem in lysing and voiding an ingested phagocytic load.
In conditions (1) and (2) a normal pigment epithelium is implicit, and in condition (3) the problems in the RPE could be secondary to biochemical anomalies within the outer segments, rendering them indigestible.
That there was relatively normal RPE throughout the eye, and that there were areas where the overlying photoreceptor cells were normal, degenerate, or non-existent, strengthens our conclusions that in this case the primary problem was in the photoreceptor cells 
